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Abstract
In this paper, we discuss some feasible features of gravastar that
were firstly demonstrated by Mazur and Mottola. It is already es-
tablished that gravastar associates the de-Sitter spacetime in its inner
sector with the Schwarzschild geometry at its exterior through the
thin shell possessing the ultra-relativistic matter. We have explored
the singularity free spherical model with a particular equation of state
under the influence of f(R,G) gravity, where R is the Ricci scalar and
G is the Gauss-Bonnet term. The interior geometry is matched with a
suitable exterior using Israel formalism. Also, we discussed a feasible
solution of gravastar which describes the other physically sustainable
factors under the influence of f(R,G) gravity. Different realistic char-
acteristics of the gravastar model are discussed, in particular, shell’s
length, entropy, and energy. A significant role of this particular grav-
ity is examined for the sustainability of gravastar model.
Keywords: Anisotropic fluid; Self-gravitation; Isotropic matter.
PACS: 04.70.Bw; 04.70.Dy; 11.25.-w.
1 Introduction
A gravastar, abbreviated for gravitationally vacuum star, is a celestial object
contemplated as an alternative to black hole structure. Mazur and Mottola
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[1] extended the Bose-Einstein condensate concept to the gravity system and
devised a cold compact object that is named as gravastar whose radius is
equivalent to the Schwarzschild radius. Gravastar does not contain an event
horizon or an essential singularity and is considered as feasible alternate to
black hole. A shell of ultra-relativistic fluid rings the inside of gravastar
while the outside sector is completely a vacuum. The shell is very little in
thickness having the width within the range of r2 > r > r1, here r1 ≡ D
while r2 ≡ D + ǫ are the radii representing the inner and outer sectors of
gravastar. The equation of state (EoS) used for the description of complete
structure of gravastar has
1. Inner sector (r1 > r ≥ 0) : p = −ρ,
2. Shell (r2 ≥ r ≥ r1) : p = ρ,
3. Outer sector (r > r2) : p = ρ = 0.
The inner sector of the gravastar acts like dark energy applying the opposite
effects to gravitating force in the thin shell and avoids the formation of sin-
gularity. The outer region is totally vacuum and could be elaborated by the
Schwarzschild model.
A plenty of work associated with the mathematical and the physical prob-
lems of gravastar is accessible in literature. These works are mostly accom-
plished in Einstein’s general relativity [2–11]. However, their results are then
modified to various modified theories [12–14]. The presence of dark matter
and the concept of escalating universe has challenged the theory of general rel-
ativity [15–18]. To elaborate the cosmological events in the reign of the strong
field, few alterations are needed in general relativity (GR), consequently, var-
ious theories are recommended. The same idea came in the mind of Buchdahl
and he proposed f(R) theory [19] in 1970. A consolidated cosmic history in
f(R) theory is explained by Nojiri and Odintsov [20]. Baibosunov [21] has
elaborated the early universe model in f(R) theory. Harko [22] conferred the
f(R, T ) gravity by including the contribution due to matter source. Also, the
Guass-Bonnet theory [23] has further provided the alteration to GR adding
the term of Guass-Bonnet (G ≡ R2−4RαβRαβ+RαβρσRαβρσ) in the Einstein-
Hilbert action where Rαβ represent Ricci curvature tensor and Rαβρσ indi-
cates the Riemann curvature tensor..
Bamba et al. [24] suggested the f(G) theory and discussed the energy
conditions for renowned FLRW metric. Some thought provoking work can
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be seen in this alternative theory [25, 26]. It is contended that the f(R,G)
gravity can be encountered as a suitable alternative gravity for GR as the
effective formation. We can note the application of f(R,G) theory to distinct
cosmological fields [27–33]. The stability of relativistic interiors as well as the
existence of self-gravitating structures has been discussed widely in literature
[34–36].
Felice and Tanaka [37] studied the the dynamical features of anisotropic
cosmic evolution with the help of linear perturbation theory by taking some
generic forms of f(R,G) models. Felice et al. [38] analyzed the stability
of Schwarzschild-like solutions in models of f(R,G) theory. Dombriz and
Gomez [39] have discussed the stability of the cosmological solutions and
elaborated the possible results of modified gravity on cosmological level. De
Laurentis and Revelles [40] discussed the Newtonian, ppN and pN restrictions
in f(R,G) theory. Houndjo et al. [41] presented thorough description of
cylindrically symmetric solutions for f(G) gravity. Atazadeh and Darabi
[42] studied the viability of f(R,G) gravity models with the help of energy
conditions. De Laurentis et al. [43] has described the cosmological inflation
under the effects of f(R,G) theory. Odintsov et al. [44] explained distinct
dark energy and inflationary enlargements in the scenario of f(R,G) theory.
Recently, Shekh et al. [45] calculated few cosmic models in f(R,G) gravity
and performed dynamical analysis in order to study the viability of their
results through energy conditions.
Different astrophysical results including the renowned ΛCDM model have
been elaborated by Myrzakulov et al. [46] in the background of f(G) grav-
ity. Felice and Tsujikawa [30] explored distinct constraints for cosmological
feasibility of f(G) gravity. Bhatti et al. [47–51] has explained the circum-
stances under which anisotropic compact stars can be formed in modified
gravity. Elizalde et al. [52] studied the impact of ghost free f(R,G) model
on singular bouncing cosmology.
Here, we intended to study the gravastar under one of these alternative
theories named as f(R,G) gravity and to examine physical factors of the
object. The thumbnail sketch of our paper is given as. The essential mathe-
matical formalism of the f(R,G) theory has been given in the next section.
The field equations in f(R,G) theory are explained by taking into account
the shell, outer spacetime and inner spacetime of the gravastar in section 3.
For the smooth matching of inner and outer regions, we furnish the required
junction conditions in order to make connection among all sectors of gravas-
tar in section 4. In section 5, distinct substantial properties of our model are
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described in the scenario of f(R,G) gravity. The whole analysis has been
summarized in the last section.
2 f(R,G) Gravity
Here, we will discuss the basic formalism of f(R,G) gravity. We commence
with the action of f(R,G) theory [53] which is expressed as
S =
1
2k
∫
d4x
√−gf(R,G) + SM(guv, ψ), (1)
where g and SM(g
µν , ψ) represent the determinant of metric and matter
action respectively and G is the Gauss-Bonnet invariant. By giving variation
to equation (1) with respect to the metric, it leads to the field equation for
f(R,G) theory as follows
κT (mat)µν + Σµν = Rµν −
1
2
gµνR, (2)
here Σµν is given as
Σµν = 2R∇ν∇µfG +∇µ∇νfR − gνµfR − 2gνµRfG − 4Rλµ∇ν∇λfG
− 4Rλν∇µ∇λfG + 4RµνfG + 4gµνRαβ∇β∇αfG + 4Rµαβν∇β∇αfG
− 1
2
gνµV + (1− fR)(Rµν − 1
2
gνµR). (3)
Here, we have used
fG ≡ ∂f
∂G
, fR ≡ ∂f
∂R
, (4)
while V ≡ fGG − f + fRR and T (mat)µν represents the matter content which
for ordinary matter can be written as
T (mat)νµ = (p+ ρ)uνuµ − pgνµ, (5)
here p and ρ indicate the pressure and energy density of the fluid. Also,
the four velocity uµ satisfies u
µuµ = 1. The spherically symmetric spacetime
inside the hyper-surface Σ is given by
ds2 = eνdt2 − eλdr2 − r2dθ2 − r2sin2θ dφ2, (6)
here λ, ν depend on radial coordinate only.
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3 Field Equations and their Solutions
In this section, we will evaluate the particular values of the scale factors for
spherical stellar interior which ultimately leads to gravitational mass of the
stellar structure. All of this analysis would be made by solving modified
field equations of the f(R,G) gravity with particular EoS. The non zero
components of the Einstein tensors can be written as
G00 =
eν−λ(−1 + eλ + λ′r)
r2
, (7)
G11 =
1− eλ + ν ′r
r2
, (8)
G22 = G33 =
e−λr
[
2ν
′ − 2λ′ + ν ′2r − ν ′λ′r + 2ν ′′r]
4
. (9)
Here prime is used to show differentiation with reference to radial coordinate.
By using Eqs. (5)-(9) in Eq.(2), we get
r2(kT 00 + T
0(D)
0 )
e−λfR
= eλ − 1 + λ′r, (10)
r2(kT 11 + T
1(D)
1 )
e−λfR
= −1 + eλ − ν ′r, (11)
r2[kT 22 + T
2(D)
2 ]
e−λfR
=
[
r(λ
′ − ν ′)
2
− r
2(2ν” + ν
′2 − λ′ν ′)
4
]
. (12)
Now, with the help of non-conservation equation of effective energy momen-
tum tensor, we obtain
k
[
e−λ
dp
dr
+
e−λν
′
(ρ+ p)
2
]
+ T 11(D)
′
+
eνν
′
T 00(D)
2eλ
+
λ
′
T 11(D)
2
− rT
22(D)
eλ
+
λ
′
T 11(D)
2
+
ν
′
T 11(D)
2
+
2T 11(D)
r
− rT
22(D)
eλ
= 0. (13)
If the gravitational mass of sphere is represented by m then by using Eq.(10),
one can have
e−λ = 1 +
1
r
∫
r2T
0(D)
0 dr −
2m
r
fR, (14)
e−λ = 1 +
fR
r
∫
r2
fR
T
0(D)
0 dr −
fR
r
∫
r(1− e−λ)
(
1
fR
)′
dr − 2m
r
fR. (15)
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It is worthy to mention that Eq.(14) has been calculated by taking constant
values of R and G, while Eq.(15) has radially dependent R and G.
3.1 Interior Spacetime
Here, we will consider that stellar interior is filled with a gravitating source.
We take EoS for inner sector as taken by Mazur and Mottola [1] as
p = −ρ. (16)
The above mentioned EoS is deduced from p = ωρ by taking ω = −1 and
is acknowledged as the EoS for dark energy. By making use of this with
Eq.(13), we can write
ρ = −ρ0 (constant) (17)
and pressure becomes
p = −ρ0. (18)
For the regular solution at the center we use Eqs.(10) and (18) to obtain the
value of λ with the integration constant A = 0 as
e−λ = 1− 1
fR
[
Kρ0r
2
3
+ r
∫
T
0(D)
0 dr −
2
r
∫
(
∫
T
0(D)
0 dr)rdr
]
, (19)
e−λ = 1− kρ0r
2
3fR
+
Kρ0
3r
∫
r3
(
1
fR
)′
dr − 1
r
∫
r2
fR
T
0(D)
0 dr. (20)
It is worthy to mention that Eq.(19) has been calculated by taking constant
values of R and G, while Eq.(20) has radially dependent R and G. We
formulate the relation between ν and λ by using Eqs. (10), (11), (17) and
(18) as follows
eν = Qe−λ, (21)
where Q is the integration constant. The mass of gravitating system M(D)
is written as
M(D) =
1
fR
[∫ D
0
r2T
0(D)
0
2
dr +
4πρ0D
3
3
]
, (22)
M(D) =
1
2
∫ D
0
r2T
0(D)
0
fR
dr +
4πρ0D
3
3fR
− 4πρ0
∫ D
0
r3
3
(
1
fR
)′
dr. (23)
Equation (22) is found withthe present values of R and G, while Eq.(23) has
radially dependent R and G.
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3.2 Shell
We suppose that the shell is made up of ultra-relativistic matter which imple-
ment the EoS as p = ρ. A number of researchers studied different cosmolog-
ical [54] and astrophysical [55–57] events by using this fluid. It is involuted
to simplify the field equations within the shell. Thus, it is feasible to derive
mathematical solution by taking the limit of thin shell as 1 >> e−λ > 0. It
implies that the central region should be a thin shell whenever two space-
times combine (see [58]). In shell r → 0, implies that any parameter having
dependence upon radial coordinate is << 1. With this approximation in
addition to above mentioned EoS coupled with Eqs.(10)-(12), we can get
de−λ
dr
= − r
fR
[
T
0(D)
0 + T
1(D)
1
]
+
2
r
. (24)
de−λ
dr
[
3
2r
+
ν
′
4
]
=
1
r2
− 1
fR
[
T
0(D)
0 + T
2(D)
2
]
. (25)
Integration of Eq.(24) yields
e−λ = 2 ln r − 1
fR
[
r
∫
(T
0(D)
0 + T
1(D)
1 )dr −
∫
(
∫
(T
0(D)
0 + T
1(D)
1 )dr)dr
]
+ a1,
(26)
e−λ = 2 ln r −
∫
rT
0(D)
0
fR
dr −
∫
rT
1(D)
1
fR
dr + a2, (27)
here a1 and a2 are integration constants and r having range D + ǫ ≥ r ≥ D.
The first of the above equations is calculated with the constant values of R
and G, while the second of the above equations has radially dependent R
and G. Due to the condition ǫ << 1 and e−λ << 1, we obtain a1 << 1 and
a2 << 1. From Eqs.(24) and (25), one can write
eν = ZeB, (28)
where Z is the constant of integration. Equation (13) as well as the EoS
p = ρ results into
p = ρ = He−B+
∫
T (D
⋆)dr. (29)
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Figure 1: graphical representation of density relationship with r
3.3 Exterior Spacetime
The outer sector is described with the help of widely known static exterior
Schwarzschild solution whose mathematical form is written as
ds2 = −
(
1− 2M
r
)−1
dr2 − r2(dθ2 − sin2 θdφ2) +
(
1− 2M
r
)
dt2. (30)
where M represents the mass of gravitational system.
4 Junction Condition
The interior sector (I) of gravastar is coupled with the exterior sector (III)
at the shell. Gravastar must have flat matching in the middle of sectors
(I) and (III) as mentioned by the Israel formalism [59, 60]. At the coupling
surface, the metric is continuous nevertheless they may not have continuous
derivatives. We can find out Sij by implementing the above stated formalism.
Lanczos equation [61–64] states Sij as
Sij =
1
8π
(
δijκ
k
k − κij
)
, (31)
here kij = K
+
ij −K−ij yield the discontinuity in the extrinsic curvatures. The
inner and outer sectors are correlated by “+” and “-” signs, respectively. The
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second fundamental forms [65–68] linked with the two borders of the shell
are given by
K±ij = −n±ν
[
Γναβ
∂xα
∂ξi
∂xβ
∂ξj
+
∂2xv
∂ξi∂ξj
]
Σ
, (32)
where ξi and n±ν represent the intrinsic coordinates of the shell and unit
normal over Σ, respectively. The line element for spherical geometry is
ds2 = − dr
2
f(r)
+ f (r) d2 − r2(dθ2 − sin2 θ)dφ2, (33)
for which the unit normal n±ν can be written as
n±ν = ± | gαβ
∂f
∂xα
∂f
∂xβ
|−12 ∂f
∂xν
, (34)
with nµnµ=1. With the help of Lanczos equation, one can write Sij =
diag[σ,−ν], where ν is written for the surface pressure and σ represents
surface energy density. The density distribution as well as pressure at the
surface are written as
σ = − 1
4πD
[√
f
]+
−
, (35)
ν = −σ
2
+
1
16π
[
f
′
√
f
]+
−
. (36)
By making use of the above two equations when e−λ = L and e−λ = A,
respectively, we get
σ =
−1
4πD
[√
1− 2M
D
−
√
L
]
, (37)
σ =
−1
4πD
[√
1− 2M
D
−
√
A
]
, (38)
υ =
1
8πD

 1− MD√
1− 2M
D
− 2fRD(L)−M
2fRD
√
L

 , (39)
υ =
1
8πD

 1− MD√
1− 2M
D
− A+B − C + E√
A

 . (40)
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By using Eq.(37), the thin shell mass is obtained as
ms = D
[√
1− 1
fR
[
kρ0D2
3
+D
∫
T
0(D)
0 dD −
2
D
∫
(
∫
T
0(D)
0 dD)DdD
]
−
√
1− 2M
D
]
. (41)
In a similar ways, from Eq.(38), the thin shell mass is obtained as
ms = D
[√
1− kρ0D
2
3fR
+
kρ0
3D
∫
D3(
1
fR
)′dD − 1
D
∫
D2
fR
T
0(D)
0 dD −
√
1− 2M
D
]
.
(42)
By using Eq.(39), the total mass M of gravastar is found to be
M =
D
2
− m
2
s
2D
− D
2
[L] +ms
√
L, (43)
while from Eq.(40), the total mass M of gravastar is written as
M =
−m2s
2D
+
D
2
[1− A] +ms
√
A. (44)
5 Realistic Characteristics
This section is aimed to examine the impact of f(R,G) gravity on various
physical characteristics of gravastar model. In particular, we will analyze the
shell’s length as well as energy of the stellar model. The entropy as well as
EoS will also be discussed during the dynamical formulation of gravastars.
These results would also be indicated via plots.
5.1 Proper length of the shell
We assume that shell is placed at r = D which defines the phase edge of
sector (I). The shell is of very small width, i.e., ǫ << 1. Therefore, the sector
(III) initiates from attachment at r = D + ǫ. Thus, the actual width in
10
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Figure 2: graphical representation of relationship between proper length ℓ
and the thickness of shell ǫ
between of these attachments of the shell is calculated by using Eq.(26) as
ℓ =
∫ D+ǫ
D
dr√
2lnr + c1 − 1fR
[
r
∫
(T
0(D)
0 + T
1(D)
1 )dr −
∫
(
∫
(T
0(D)
0 + T
1(D)
1 )dr)dr
] .
(45)
By making use of Eq.(27), one can have
ℓ =
∫ D+ǫ
D
dr√
2lnr + c2 −
∫ (
r
fR
T
0(D)
0
)
dr − ∫ r
fR
T
1(D)
1 dr
. (46)
5.1.1 Energy content
We suppose the EoS (p = −ρ) for the inner sector that illustrates the zone
having negative energy and approve the nature of repulsion of interior sector.
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and the thickness of shell ǫ
But the energy inside the shell will be
ε =
∫ D+ǫ
D
4πρr2dr = 4πH
∫ D+ǫ
D
e−B+
∫
T (D⋆)drr2dr. (47)
5.1.2 Entropy
Mazur and Mottola [1] suggested that the interior sector must has zero en-
tropy that is persistent with a specific condensate condition. Inside the shell,
the entropy will be
S =
∫ D+ǫ
D
4πr2s(r)
√
eλdr. (48)
The entropy of local temperature T (r) is given by
S(r) =
α2k2BT (r)
4πh2
= α
(
kB
h
)√
p
2π
, (49)
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where α is a constant having no dimension and G = c = 1 with Planckian
units kB = h = 1. The entropy density inside the shell will be
S(r) = α
√
p
2π
. (50)
So, by using Eq.(26) in (48), we get
S =
√
8πHα
∫ D+ǫ
D
r2
√
e−B+
∫
T (D⋆)dr
dr√
Z
. (51)
In a similar manner, the use of Eq.(27) in (48) leads to
S =
√
8πHα
∫ D+ǫ
D
r2
√
e−B+
∫
T (D⋆)dr
dr√
T
. (52)
5.1.3 Equation of State
In general, the EoS at r = D is given as
υ = ω(D)σ (53)
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By making use of Eqs.(37) and (39), we found
ω(D) =
[
1−M
D√
1− 2M
D
− 2fRDL−M
2fRD
√
L
]
2
[
−
√
1− 2M
D
+
√
L
] , (54)
here, ω(D) can only be real if 2M
D
< 1 along with
1
fR
[
kρ0D
2
3
+D
∫
T
0(D)
0 dD −
2
D
∫
(
∫
T
0(D)
0 dD)DdD
]
< 1.
Also, by taking M
D
<< 1 and 1
fR
[
kρ0D
2
3
+D
∫
T
0(D)
0 dD − 2D
∫
(
∫
T
0(D)
0 dD)DdD
]
<<
1 in a binomial series and having the terms up to first order for the terms in
the square-root, we obtain
ω(D) ≈
1− L+ D
2fR
∫
T
0(D)
0 dD − 1fRD
∫ ∫
(T
0(D)
0 dD)DdD
2
[
M
D
− 1
2
(1− L)] . (55)
By making use of Eqs.(38) and (40), one can write
ω(D) =
1−M
D√
1− 2M
D
− A+B−C−D√
A
2
[√
1− 2M
D
+
√
A
] . (56)
Here, ω(D) can only be real if 2M
D
< 1 along with Kρ0D
2
3fR
+Kρ0
3D
∫
D3( 1
fR
)
′
dD+
1
D
∫
D2
fR
T
0(D)
0 dD < 1. Also, if one elaborate the square-root terms of Eq.(57)
by taking M
D
<< 1 and Kρ0D
2
3fR
+ Kρ0
3D
∫
D3( 1
fR
)
′
dD + 1
D
∫
D2
fR
T
0(D)
0 dD << 1 in
a binomial series and having the terms up to first order, then we get
ω(D) ≈
2Kρ0D2
3fR
+ D
2
2fR
T
0(D)
0 + ....
2
[
M
D
− Kρ0D2
6fR
+ ....
] . (57)
6 Conclusion
In this paper, we have demonstrated a particular stellar model which was
initially theorized by Mazur and Mottola [1] under the influence of f(R,G)
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gravity. The stellar model named as gravastar can be studied as a feasible
alternate to the black hole structure. The gravastar can be characterized by
three distinct sectors; inner sector, intermediate thin shell and outer sector
with particular EoS for every sector. With the help of this description, we
have calculated a definite solution which is free of singularity for the gravastar
and demonstrated it with different physically feasible properties within the
scheme of f(R,G) gravity.
We have written down distinct important features of the solution set as
follows:
1. Density-pressure relationship: The relation of pressure of the ultra-
relativistic matter present in the shell with its density is shown corre-
sponding to its radius in Fig.1 which sustains a consistent diversity in
every part of the shell.
2. Proper length: Relationship between proper length ℓ and thickness of
shell (ǫ)(in Fig.2) shows the continuous increase (constant case).
3. Proper length: Relationship between proper length ℓ and thickness of
shell (ǫ) (in Fig.3) shows the continuous increase (variable case). More
precisely, the influence of f(R,G) is responsible to increase the length
of the shell.
4. Energy content: Figure 4 shows that the energy of the shell has direct
relation corresponding to the thickness of the shell ǫ.
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7 Appendix:
L = 1− 1
fR
[
kρ0D
2
3
+D
∫
T
0(D)
0 dD −
2
D
∫
(
∫
T
0(D)
0 dD)DdD
]
,
M = 2Kρ0D
3 +D2
∫
T
0(D)
0 dD +D
3T
0(D)
0 − 2D2
∫
T
0(D)
0 dD
+ 2
∫
(
∫
T
0(D)
0 dD)DdD,
A = 1− Kρ0D
2
3fR
+
Kρ0
3D
∫
D3
(
1
fR
)′
dD +
1
D
∫
D2
fR
T
0(D)
0 dD,
B =
Kρ0D
6
[−2DfR +D2(fR)′
(fR)2
]
,
C =
Kρ0D
6
[
−1
D2
∫
D3
(
1
fR
)′
dD +D2
(
1
fR
)′]
,
T = 2lnr −
∫
r
fR
(T
0(D)
0 + T
1(D)
1 )dr + c6,
E =
D
2
[−1
D2
∫
D2
fR
T
0(D)
0 dD +
D
fR
T
0(D)
0
]
,
Z = 2lnr − 1
fR
[r
∫
(T
0(D)
0 + T
1(D)
1 )dr −
∫
(
∫
(T
0(D)
0 + T
1(D)
1 dr)dr)] + c5,
T (D
⋆) =
1
PKe−λ
[
−T 11(D)′ − e
νν ′
2eλ
T 00(D) − λ′T 11(D) + r
eλ
T 22(D) − ν
′
2
T 11(D)
− 2
r
T 11(D) +
r
eλ
T 22(D)
]
.
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